We demonstrate a spin diode consisting of a semiconductor free nano-scale Fe/MgO-based double tunnel junction. The device exhibits a near perfect spinvalve effect combined with a strong diode effect. The mechanism consistent with our data is resonant tunneling through discrete states in the middle ferromagnetic layer sandwiched by tunnel barriers of different spin-dependent transparency. The observed magneto-resistance is record high, ~4000%, essentially making the structure an on/off spin-switch. This, combined with the strong diode effect, ~100, offers a new device that should be promising for such technologies as magnetic random access memory and re-programmable logic.
Recently discovered spin-valves and magnetic tunnel junctions are finding numerous applications as sensors and memory elements [1] [2] [3] [4] [5] . Giant magneto-resistance obtained in these devices motivates the great current research effort on developing spin-based diodes and transistors 6 . Implementing these magnetic logic elements in semiconductors is challenging, however, due to such fundamental issues as efficient spin injection and ferromagnetism at room temperature [7] [8] [9] [10] . Double tunnel junctions (DTJ's) having the two tunnel barriers of different transparency can exhibit highly asymmetric conduction for different polarity bias,
i.e., act as a current rectifier or a diode 11 . Such current rectification has been observed in double tunnel junctions 12, 13 for the case of spin-independent conductivity (i.e., vanishing magneto-resistance, MR≈0). Current rectification and MR have also been observed for single asymmetric tunnel barriers 14 , however with limited rectification ratios (RR~10 The samples were measured using the point contact technique 21, 22, 23 directly in liquid helium. This technique allows spectroscopic transport measurements by establishing stable mechanical contacts of typical size ~10 nm, much smaller than the nanopillar size. The resistance of such point contacts is typically 1 to 10 Ω, negligible on the scale of the TJ resistance. The advantage of using such nano-mechanical technique is that possible damage to the sensitive regions of the DTJ from fabrication of the top contact is avoided, and a very large number of stacks can be screened for a given sample in the same cool down. The stability of the contacts that were subsequently analyzed for quantum transport was verified by repeating the current-voltage and conductance-field sweeps several times for a given contact/stack.
The direct evidence of a DTJ behavior, with the current flowing through discrete quantum well states in the center Fe electrode, is the measured quantized conduction shown in Our test samples with single tunnel barriers universally show a positive MR as expected for spin-valves 25, 26 . Thus, the inverted MR is the signature of the magnetic DTJ, which is in the quantum transport regime (see Fig. 2 ). This behaviour can originate from the spin dependence of the quantized energy states in the middle electrode 27 . It has been predicted that such discrete states can shift as a function of the magnetic misalignment of the two ferromagnetic electrodes 28, 29, 30 . Our interpretation of the observed behaviour is as follows.
As shown in Fig. 2 , the current through the DTJ as a function of voltage is quantized in the form of a staircase. This behaviour is expected for electron transmission through discrete quantum well states (QWS's), with the current in the general case given by To explain the observed magneto-resistance (Fig. 3) it will be sufficient to consider the qualitative energy diagram shown in Fig. 4 . Thus, Fig. 4a Reversing the polarity of the bias shifts the QW levels in the middle electrode such that the electron transmission is off-resonant for both magnetic states of the left junction, as illustrated in Fig. 4c,d . Since the left MgO barrier is thicker, it is the left magnetic junction that contributes most to the total resistance of the DTJ. One therefore expects for this bias configuration a TMR of type normal for Fe/MgO single junctions, which is indeed observedthe conduction is high for the parallel magnetic state and low for the antiparallel state.
As expected for a non-resonant transmission, the magnitude of the measured positive MR corresponds well with the values reported for Fe/MgO/Fe single junctions of 100-800%.
The observed negative, resonant MR on the other hand is an order of magnitude higher. This substantial difference in magnitude in addition to the difference in sign of the observed MR provides an important additional confirmation of our interpretation of the observed magnetoconductance effect as due to resonant spin dependent tunnelling through quantum well states of the F/F/N double tunnel junction.
In conclusion, the measured magneto-resistance is record high, essentially making the structure an on/off spin-switch. This, combined with the strong diode effect, offers a new device that should be promising for such technologies as MRAM and re-programmable logic. 
